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Introduction
Surface coatings need to be resistant to wear and corrosion and have an attractive appearance and coloration. To satisfy such requirements, among the available surface coating methods, plasma-based PVD techniques are significant due to the flexibility and range of options available in manufacturing such films [1] [2] . The high chemical stability, surface mechanical resistance and adhesion to the decorative components are some of the main attractive qualities that are associated with PVD technologies [3] [4] .
Among the number of available thin film materials/systems, metal-based oxy carbides, and in particular titanium oxycarbides, TiC x O y are becoming very popular due to their superior mechanical properties (hardness, adhesion, moderate level of compressive residual stresses, etc.) and chemical and tribological properties (essentially corrosion and wear) and potentially attractive colourations (several shades of grey and tones of gold, brown and dark blue/blacks) [5] [6] . These are candidate coatings for door handles, spectacle frames and other household components [1] .
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During every day usage, such components are exposed to rubbing or sliding, in the presence of particles and chemical solutions, for example, perspiration. Thus far, research on these decorative thin film systems has often focused on the possibility to change the film coloration by varying deposition parameters (target materials, gaseous atmospheres, bias voltage usage, temperature, etc.). Only recently has work been carried out to study the coated objects in real environments [6] [7] [8] [9] .
There are many studies reported on corrosion or tribo-corrosion behaviour of such thin films or coatings, by considering its practical significance. Recently Wood et al [10] reviewed the tribo-corrosion studies of the coatings and films. The general corrosion/tribo-corrosion behaviour of ZrC x O y and TiC x O y films in the presence of artificial perspiration solution was studied [4] [5] [6] [7] [8] [9] and other work has investigated synergistic effects between corrosion and wear for the purpose of generating tribocorrosion maps for thermally sprayed coatings [11] . However, there has been no work carried out on the sliding-wear -corrosion behaviour of TiC x O y films as a function of electrode potentials and load.
Hence, the objective of the current work was to conduct a tribo-corrosion investigation on a TiC x O y film, selected from a previous study [9] , Fig.1 . The current work is an extension of previous studies, where the most promising film (TiC 0.40 O 1.52 ) as a function of the applied potential and load was identified for corrosion conditions. EIS (Electrochemical impedance spectroscopy) was used to study the specific behaviour of the film before and after the sliding process. Various tribo-corrosion mechanism, wastage and synergism maps, as a function of applied potential and load were also constructed based on the results.
Experimental details 4
Film preparation
Samples have been prepared by reactive DC magnetron sputtering, from a Ti target (200×100×6 mm 3 ) , with 12 cylindrical C pellets (10 mm diameter each, occupying an average area of (785 mm 2 ) incrusted in its erosion zone. The substrate was M2 tool steel. The details on this film preparation conditions can be found elsewhere [9] . The Ar flow was kept constant at 60 sccm and the oxygen flow rate was set to 4 sccm (corresponding to a partial pressure of 3.5×10 −2 Pa). The working pressure was approximately constant at 0.4 Pa and the samples were ground as surface preparation.
The chemical composition of the film was investigated with a Cameca SX-50
Electron Probe Micro Analysis (EPMA), operating at 15 keV as acceleration voltage.
Quantification of composition of the elements was performed by comparing the peak intensity in the sample and in standards for each element, and applying a ZAF correction to the results. The structure and phase distribution of the coatings were accessed by X-ray diffraction (XRD), using a conventional Philips PW 1710 diffractometer, operating with Cu K radiation, in a Bragg-Brentano configuration. The oxygen fraction in the selected film was determined by the ratio between the s oxygen concentration and the sum of both oxygen and carbon concentrations:
Ball cratering tests were used to measure the thickness of the film. The hardness, H, was evaluated by depth-sensing indentation, using a Fisherscope H100 equipment at maximum load of 30 mN. Correction of the geometrical defects in the tip of the indenter, thermal drift of the equipment and evaluation of the uncertainty of the initial contact were carried out [12, 13] . Surface and cross-section morphological features of the films were studied by scanning electron microscopy (SEM) and atomic force microscopy (AFM), while surface defects were characterized by optical microscopy. A summary of the film properties is given in Table 1 . 
Initial study on corrosion behavior
Tribo-corrosion
A schematic diagram of the tribocorrosion experimental apparatus is shown in Fig.   2 . The reciprocating sliding test apparatus, (Plint TE-67/R) was supplied by Phenoix
Tribology Ltd (UK). Tests were conducted with an alumina pin on a plate sample at different loads such as 3, 6 and 9 N, a sliding stroke length of 6 mm with a frequency of 1 Hz and an exposed area of 0.95 cm 2 . The alumina pin had a truncated cone geometry (the diameter at contact area is approximately 1 mm). The plate sample was connected as a working electrode in an electrochemical cell. The electrolyte, artificial sweat solution was prepared (composition is given in Table 2 ) and ammonia (NH 3 ) was added to attain the pH of 4.49 +0.01. The solution is a simplified variation of that formalised in the European Standard EN 1811:1998 [14] , contained in an acrylic cell with a volume of approximately 20 ml. A saturated calomel electrode (SCE) was used as the reference electrode and a platinum wire was used as a counter electrode.
Experiments were conducted at various applied potentials (-0.9, -0.5, 0 and +0.5 V) and applied load (3-6-9N) as explained in Table 2 . Each test consisted on the following steps:
(a) Cleaning: The samples were cathodically polarized at -0.9 V vs. SCE during 180 s for the purpose of cleaning.
(b)
Initial stabilization: A selected potential of -0.5 V was applied during 600 sec.
(c) EIS before sliding: Electrochemical impedance spectroscopy (EIS) was performed in the frequency range of 100 kHz to 15.823 mHz, with an ac sine wave amplitude of 10 mV applied to the electrode, keeping the sample under potentiostatic control, i.e., at a selected potential ( e.g., -0.5 V).
(d) Sliding: The alumina pin was placed in contact with the plate sample. The reciprocating sliding tests were conducted during 900 s, at a selected potential (e.g., -0.5 V).
(e) Stabilization before and after sliding: To achieve electrochemical stabilization of the samples before and after the sliding process, the selected potential (e.g., -0.5 V), was applied for a period of 180 sec.
(f) Final stabilization: After the stabilization, the pin was removed from contact with the sample, which was left stabilizing, at a selected potential (e.g., -0.5 V), during 600 sec, (g) EIS after the sliding: Another EIS test was conducted after the sliding in order to characterize the behavior of films.
As explained in Fig. 3 , the evolution of current and friction coefficient were monitored as a function of time. At the end of the test, the pin and sample were ultrasonically cleaned in propanol and then in distilled water. Each experiment was repeated twice, to estimate the expected error in the tests. For EIS data simulation the ZView software was used. The wear volume was determined by profilometry, using a respectively. During sliding, the corrosion current shows slight increase with time.
Further, it is clear that the value of current at highest potential is very high, compared to that at lower potentials, indicating a higher corrosion rate. Also the sharp increase in corrosion current observed immediately after the start of the sliding process is higher as the applied potential becomes more anodic. Fig. 5(d) , shows the variation in current for 5 cycles at high values of potential, +0.5V and at load of 5N . It is interesting to note that the current variation is consistent in each cycle irrespective of the applied potential.
The current variation during the rubbing is not very significant. However it is known that the changes in the tribological conditions in the contact, will affect the current evolution [15] . The main factors are, build up of third body (wear debris and corrosion 8 products) in the contact zone, microstructural changes of the metal or pin, and the material transfer to the counter body.
Significant amounts of wear debris are observed outside the wear track in the wear tests at higher potential values when compared to those at lower potential values. Other studies have reported that the wear debris may undergo dissolution or passivation effects, depending on the potential values, which in turn may affect the values of the current and tribocorrosion behaviour [15] . It is interesting to note the reduction in the friction coefficient values as the potential increases. This is possibly due to the presence of the corrosion products and wear debris in the wear path and their possible interactions [16] .
The reciprocating motion of the tribometer, may also influence the evolution of current, which is a periodic function of the pin motion. In the present configuration, the pin moves at constant speed during a forward stroke, and remains stationary for a few milliseconds before changing direction. The above effects during each cycle will be likely to influence the current evolution and tribocorrosion interaction, see, Fig 
Evolution of friction coefficient as a function electrode potentials and load
The 
Electrochemical impedance spectroscopy (EIS) analysis
Bode phase plot and Bode Z plot
The results of the EIS tests before and after sliding are presented in Figs and at -0.9 V (potential in the cathodic branch), the film exhibited good corrosion performance as the potential corresponds to the cathodic conditions. On the other hand, at 0.0 V and +0.5 V, at either ends of the potential spectrum tested, a decrease in the corrosion resistance was detected. The impedance of the film had the minimum value at +0.5 V, when compared with the other potentials, probably due to the fact that, at this potential, the pitting corrosion commences (see Fig. 4 ). The C values are almost constant at the applied potential values of -0.9 and + 0.5 V, before and after the sliding (Fig. 11) . However, at high potentials, interestingly C exhibit high values after the sliding, which may be due to the accumulation of wear debris and corrosion products, resulting from the complete destruction of the film [9] .
The values of n, almost constant in all the conditions, were found to be in the range of 0.6-0.7, indicating that the corrosion interface deviated from a perfect ideal capacitor [16] . Theoretical model predictions are in good agreement with the experimental data (percentage of error is below 6 %, see the Table 3) . From the EIS analysis it is clear that, as the potential increases, the passive oxide layer on the film becomes more porous and resistance to charge transfer decreases at the corrosion interface [18] [19] [20] . It is also clear that the best and worst corrosion behavior correspond to samples polarized at pitting potential -0.5 V and +0.5 V.
Also, it is interesting that at -0.9 and -0.5 V, before and after sliding, the worst corrosion behavior occurs at loads of 6 N. However at 0.0 V and +0.5 V (potentials in the passive plateau), the degradation processes during sliding is independent of the load.
The structure of the film has also a strong influence on the EIS results, as explained in detail in previous work [9] .
Variation of wear volume as a function of load and selected potential
Wear-corrosion volume loss was estimated from the wear track, obtained during the tribocorrosion test, as explained in the experimental procedures. The following terms were used to explain the total wear-corrosion volume loss and their interactions. The methodology was developed by Yue and Shi [20] , in the wear-corrosion analysis. If:
where K wc is the total wear-corrosion, K w is the total wear loss due to sliding wear and K c is due to corrosion, than the volume loss due to the corrosion, K c , is derived using Faraday's law, e.g.:
where 'Q' is the charge passed, 'F' is Faraday's constant (96500 C.mol -1 ), 'Z' is the number of electrons involved in the corrosion process (in the current study, it is assumed to be 2), 'I' is the total current, 't' the exposure time and 'M' is the atomic mass of the material. The M is calculated by considering the atomic percentage of components of the film. More details on the calculation of different terms are explained Appendix A.
The results of the various contributions to wear volume loss are given in Table 4 and Fig. 12(a-d) . Fig 12 (a) shows the variation of total wear-corrosion wear volume The superior behaviour at -0.5 V may be due to the formation of a passive film (a similar same trend was observed with EIS analysis), Fig. 12 (b) . It is clear that K wc and K w did not show significant differences which demonstrates the predominant driving 14 mechanism in the present study is wear. Also the severity of the contact may increase due to the pin-on-plate contact configurations, which accelerates the wear mechanisms [9] .
As observed from Potentiodynamic curves, Fig. 5 , the corrosion behaviour is significantly affected by increases in potential, Fig. 12 . The corresponding pitting behaviour, passivation or repassivation, etc, may also have a role in driving the degradation involved in the process [9, 24, 25] .
In the previous study, it was observed that the structure of the films has a strong influence on their tribocorrosion behaviour, even more than their hardness and thickness [9] . The structure of the film is tailored by the processing parameters, surface conditions and many other parameters; it is a very difficult task to have one which is ideal for tribocorrosion resistance. The tribological studies on tungsten carbide coating, reported that fine closely packed structures exhibit good performance due to their superior elastic behaviour and hardness [9, [26] [27] .
Construction of maps as a function of load and potential
Wear maps are the schematic diagrams of tribological processes as a function of several parameters considered in the test [22] [23] . To understand the processes and mechanisms related to tribology and tribocorrosion, simple two-dimensional or three dimensional graphs may not be sufficient because of the complexity, and enormous number of factors involved in the processes. Hence, using the mapping approach, it is Further explanation on the calculation of each terms are included in the Appendix A.
Therefore, an attempt has also been made to construct different maps in the current study. The developed mechanisms map, wastage map and synergism map are explained below.
Mechanisms map
In order to understand the synergistic effects, K c /K w ratio was estimated, as shown in Table 4 . As it is observed from the literature, Stack et al. [24] [25] , in their extensive studies on erosion-corrosion and wear-corrosion, have established various regimes to identify the dominating mechanisms in the tribocorrosion process. The major criteria are listed below.
1 < K c /K w < 10 (corrosion-wear)
K c /K w > 10 (corrosion)
Based on the above criteria and polarization curves, the mechanism map has been developed as shown in Fig. 13 . Low potential and load correspond to the wear dominated region. However, as the potential increases, a wear dissolution region is observed. Before attaining wear passivation behaviour there is a transition region, termed the wear active-passive transition. Finally, at high potential, the wear dissolution region appears again. It is interesting to observe the changes and interplay of the mechanisms as a function of load and applied potentials.
Further, the transition of the mechanisms can be shown by the schematic diagram of Fig. 16 , based on the observations during the tribocorrosion tests and surface characterisation of the worn surface. In the cathodic region, -0.9 V, the wear scar observed was very clear with a well defined boundary. However, as the applied potentials increased to the anodic region (-0.5 and 0 V), the change of the wear scar is very vivid, i.e., initially the boundaries are irregular and lead to the next stage, where the Delamination of the film observed. At the high potential value, +0.5 V, it is interesting to see that the film, in the exposed area, is removed, which leads to significant wear-corrosion loss. Such transition mechanisms were very clear in SEM images, as shown in Fig. 15 (a-e) . Fig. 15 (a) shows the pit formed on the worn surface at electrode potential of +0.5 V, while Fig. 15 (b) shows the clear wear path formed on the surface after the tribocorrosion tests.
The delamination of the film is shown in Fig. 15 (c) , which is due to the combined action of wear and corrosion, while Fig. 15 (d) shows the effect of dissolution of the substrate material, leading to a complete film removal during the tribocorrosion process.
Finally Fig. 15(f) shows the enlarged view of a region of the wear path in Fig. 15 (e).
Wastage map
The wastage map has been constructed as a function of applied potential and load, as shown in Fig. 16 . The criteria has been selected as: wastage zone, which is located at high anodic potential [28] [29] .
Synergism map
Wear-corrosion synergism map also can be constructed as a function of applied load and potential, as shown in Fig. 17 , to demonstrate the synergistic effect as defined in the Table 4 . By considering the various terms involved, the boundary conditions can be specified as follows:
1 < ∆K w /K wo ≤ 10 (medium synergism) (12) ∆K w /K wo > 10 (high synergism) (13) There are studies also conducted on the beneficial effect of the corrosion, known as negative synergism. However, in the current study the predominant effect is due to the corrosion to accelerate the wear [9, 11] .
Limitation and scope
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The current study was focussed only on one film to understand its tribocorrosion behaviour. The variation of wear-corrosion volume was studied as a function of two parameters: i) the corrosion parameter, i.e., applied potential and; ii) the mechanical parameter, i.e., load. This study clearly showed that there is a need of such studies to consider other parameters, even selecting intermediate values of the same parameters.
Although the maps give some pictures on the tribo-corrosion behaviour, as shown for other studies in the area [31] [32] [33] [34] [35] [36] it is based on the experimental data, and not at this stage, a mathematical model of the process [37] . Hence, in future there is significant scope to extend the methodology employed in the current study, and employ modelling techniques to verify the data, in order to establish these boundaries theoretically.
Conclusions
A detailed study on the tribocorrosion behavior of a TiC x O y film (TiC 0.40 O 1. 52 ) was conducted as a function of electrode potential and applied load. The main conclusion can be summarized as follows: The enhancement of corrosion due to wear was very clear at the high potential.
• EIS analysis was consistent with the above observation.
• Tribo-corrosion mechanisms and wastage maps have been developed as a function of applied and electrode potential.
• A synergism map has also been constructed to display the effect of load and electrode potential on the degradation rate. More explanation on the calculation of each term is given below
Total wear volume loss, (K wc )
The total wear volume, K wc, estimated from the wear scar dimensions.
Calculation of mass loss by corrosion (K c )
The volume loss due to the corrosion, K c , is estimated using Faraday's law, (as mentioned Equation 2 and 3)
where 'Q' is the charge passed, 'F' is Faraday's constant (96500 C.mol
Z' is the number of electrons involved in the corrosion process (in the current study, it is assumed to be 2), 'I' is the total current, 't' the exposure time, 'M' is the atomic mass of the material or equivalent weight.
K wo = Wear volume loss in the absence of corrosion
Wear volume loss in the absence of corrosion is estimated from total wear volume loss at cathodic potential (-0.9V). It is assumed that, there is no corrosion at this potential. So K wo = K wc at -0.9 V)
∆K w = Enhancement in the wear volume loss due to corrosion
By referring to equation A.1 and A.2
Hence the enhancement in the wear volume loss due to corrosion is ∆K w = K wc -( K wo + K c ) (A.6)
K co = Volume loss due to corrosion in the absence of wear
Volume loss due to pure corrosion is calculated from the evolution of current at corresponding potential and using faradays law, during the electrochemical tests, without wear.
∆K c = Enhancement of corrosion due to wear
Enhancement of corrosion due to wear is estimated from the equation, ( A.2),
Hence, Result from the previous study [9] Figure 2 Schematic diagram of reciprocating pin/plate tribometer and electrochemical cell used in the test Figure 1 General tribocorrosion behavior of the TiCxOy films: the outcome of the initial study, showing the two of the most promising films for tribocorrosion resistance [9] .
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